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This  paper  presents  a  detailed  review  of  effect  of  phase  change  material  (PCM)  encapsulation  on  the 
performance  of  a  thermal  energy  storage  system  (TESS).  The  key  encapsulation  parameters,  namely, 
encapsulation  size,  shell  thickness,  shell  material  and  encapsulation  geometry  have  been  investigated 
thoroughly.  It  was  observed  that  the  core-to-coating  ratio  plays  an  important  role  in  deciding  the  thermal 
and  structural  stability  of  the  encapsulated  PCM.  An  increased  core-to-coating  ratio  results  in  a  weak 
encapsulation,  whereas,  the  amount  of  PCM  and  hence  the  heat  storage  capacity  decreases  with  a  decreased 
core-to-coating  ratio.  Thermal  conductivity  of  shell  material  found  to  have  a  significant  influence  on  the  heat 
exchange  between  the  PCM  and  heat  transfer  fluid  (HTF).  This  paper  also  reviews  the  solidification  and 
melting  characteristics  of  the  PCM  and  the  effect  of  various  encapsulation  parameters  on  the  phase  change 
behavior.  It  was  observed  that  a  higher  thermal  conductivity  of  shell  material,  a  lower  shell  size  and  high 
temperature  of  HTF  results  in  rapid  melting  of  the  encapsulated  PCM.  Conduction  and  natural  convection 
found  to  be  dominant  during  solidification  and  melt  processes,  respectively.  A  significant  enhancement  in 
heat  transfer  was  observed  with  microencapsulated  phase  change  slurry  (MPCS)  due  to  direct  surface  contact 
between  the  encapsulated  PCM  and  the  HTF.  It  was  reported  that  the  pressure  drop  and  viscosity  increases 
substantially  with  increase  in  volumetric  concentration  of  the  microcapsules. 
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Nomenclature 

English  symbols 

C  constant 

Cp  specific  heat,  J/kg  K 

E  encapsulation  efficiency 

AH  latent  heat,  J/kg 

k  thermal  conductivity,  W/m  I< 

1  PCM  thickness,  m 

m  mass,  kg 

Nu  Nusselt  number 

q  heat  flow,  W 

q  volumetric  heat  generation,  W/m3 

R  cylinder  radius,  m 

Ra  Rayleigh  number 

Ste  Stefan  number 

T  temperature,  1< 

Greek  Symbols 

fl  heat  generation  parameter 


6  heating/cooling  rate,  K/rnin 

)/  encapsulation  ratio 

<5  PCM  liquid  thickness,  m 


Subscripts 

app  apparent 

m  melting 

encap  encapsulated 

eq,  p  predicted  equivalent 
/  fusion 

p  predicted 

s  solidification 

0  outside 


Superscripts 
m,  n  constant 


1.  Introduction 

The  energy  crisis  in  year  1971  gave  an  impetus  to  search  for 
alternative  energy  sources  as  well  as  other  energy  saving  ways 
that  can  fulfill  the  energy  demand.  Since  then  the  focus  on  phase 
change  material  (PCM)  increased.  PCMs  are  the  substances  that 
can  absorb,  store  and  release  large  amount  of  thermal  energy.  In 
1901,  Kyle  [1]  filed  a  patent  on  using  palmitic  acid  and  stearic  acid  to 
maintain  the  required  temperature  during  the  manufacturing  of  tin 
sheets.  The  total  heat  addition/release  to/from  the  PCM  consists  of 
sensible  heat  and  latent  heat.  During  sensible  heating  the  thermal 
energy  is  stored  up  to  the  initiation  of  melting  process,  whereas,  the 
thermal  energy  stored  during  the  phase  change  process  is  known  as 
the  latent  heat.  One  of  the  major  advantages  of  the  latent  heat 
storage  system  is  an  isothermal  release  or  gain  of  thermal  energy.  In 
contrast,  the  temperature  decreases/increases  during  sensible  cool¬ 
ing/heating.  In  a  typical  working  temperature  range,  the  latent  heat 
storage  capacity  is  about  5  to  14  times  the  conventional  thermal 
energy  storage  materials  such  as  masonry,  rock  etc.  Thus,  the  prime 
advantage  of  PCM  is  the  substantial  reduction  in  space  requirement 
for  the  same  energy  storage  compared  to  that  of  conventional 
materials.  The  high  energy  storage  density  characteristic  of  the 
PCM  has  made  it  a  hot  topic  of  research  over  the  last  few  decades. 
To  this  date,  enormous  work  has  been  carried  out  to  explore  the  use 
of  PCMs  in  various  applications,  namely,  building  air  conditioning 
[2-5],  electronics  cooling  [6-8],  waste  heat  recovery  [9,10],  textiles 
[11],  preservation  of  food,  milk  [12,13],  solar  energy  storage  [14-17], 
fabrics  [18]  to  name  a  few. 

As  compared  to  solid-solid,  liquid-gas  and  solid-gas  PCMs,  solid- 
liquid  PCMs  have  been  widely  used  due  to  their  large  heat  storage 
capacity  and  lesser  volume  change  during  the  phase  change  process. 
There  are  multiple  review  papers  [2,19-22]  that  highlight  various 
PCMs  and  their  use  for  thermal  energy  storage  in  various  applications 
as  listed  previously.  Most  of  the  above  studies  deal  with  the  selection 
criteria  for  a  suitable  PCM  depending  upon  their  application. 

Besides  above,  there  are  also  numerous  studies  that  report  the 
preparation  and  characterization  of  encapsulated  PCMs  [23-29]. 
From  previous  studies  it  is  evident  that  PCM  encapsulation  has  a 
significant  influence  on  the  performance  of  a  TESS.  Based  on  the 


above  literature  survey,  it  was  noticed  that  the  studies  on  the 
effect  of  various  encapsulation  parameters,  namely,  size,  shape, 
core-to-coating  ratio,  shell  material  and  shell  thickness  of  the 
encapsulated  PCM  on  the  flow  and  heat  transfer  characteristics  of 
the  PCM  is  missing.  In  this  regard,  the  objective  of  the  present 
study  is  to  highlight  the  effect  of  encapsulation  parameters  on  the 
performance  of  a  TESS  as  well  as  on  the  solidification  and  melting 
characteristics  of  the  encapsulated  PCMs.  The  present  review 
mainly  focuses  on  but  not  limited  to  the  building  air  conditioning 
and  solar  water  heater  applications. 


2.  Encapsulation  of  phase  change  materials 

Encapsulation  is  a  process  of  covering  the  PCM  (that  forms  the 
core  part  of  the  encapsulated  PCM)  with  a  suitable  coating  or  shell 
material.  This  process  was  first  invented  by  Barrett  K  Green  in  the 
1940s  and  1950s  [30]  according  to  [31].  A  primary  purpose  of 
encapsulation  is  holding  the  liquid  and/or  solid  phase  of  the  PCM 
and  keeping  it  isolated  from  the  surrounding.  This  ensures  correct 
composition  of  the  PCM  that  would  have  otherwise  changed  due  to 
mixing  of  the  PCM  with  the  surrounding  fluid.  Other  advantages  of 
encapsulation  involve  reduction  in  reaction  of  PCM  with  the  sur¬ 
rounding,  flexibility  in  frequent  phase  change  processes,  an  increase 
in  heat  transfer  rate  and  enhancement  in  thermal  and  mechanical 
stability  of  the  PCM.  It  can  also  improve  the  compatibility  of 
hazardous  PCMs  that  cannot  be  directly  used  or  immersed  in  certain 
applications  such  as  blood  transport,  food  storage,  building  cooling/ 
heating,  etc. 

A  major  concern  for  the  encapsulation  of  salt  hydrates  is 
their  corrosive  nature  with  metals  and  complete  solubility  in  water. 
In  contrast,  organic  PCMs  are  non-corrosive  and  show  negligible  or 
incomplete  solubility  in  water.  The  non-corrosive  nature  and  insolu¬ 
bility  in  water  are  the  highly  desirable  characteristics  for  the  PCM. 
After  about  1000  thermal  cycles,  the  diffusion  tightness  as  well  as  the 
thermal  and  structural  strength  of  the  encapsulated  PCM  deteriorates 
substantially  and  there  is  a  possibility  of  absorption  of  water 
molecules  if  the  PCM  is  soluble  in  water.  Hence,  encapsulation  of 
organic  PCMs  is  preferred  over  salt  hydrates  [32,33].  Mehling  and 
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Fig.  1.  Structure  and  working  principle  of  the  encapsulated  PCM. 


Cabeza  [33]  reported  that  till  date  microencapsulation  of  only  organic 
PCMs  has  been  commercialized.  However,  most  of  the  organic  PCMs 
are  flammable.  The  flammability  can  be  reduced  by  encapsulating  the 
PCM  with  an  inorganic  material  [34].  Halt  and  Work  [35]  suggested 
that  certain  additives,  namely,  decabromodiphenyl  oxide,  octabromo- 
phenyl  oxide,  antimony  oxide  etc.  can  be  added  to  the  encapsulated 
PCMs  as  a  flame  retardant.  Due  to  encapsulation,  these  PCMs  can  be 
directly  mixed  or  suspended  in  the  surrounding  medium. 

Diffusion  tight  bonding  between  the  PCM  and  the  shell 
material  prevents  the  spillage  of  the  PCM  when  it  is  in  liquid 
state.  Fig.  1  shows  the  structure  and  working  principle  of  the 
encapsulated  PCM.  The  encapsulated  PCM  contains  PCM  as  a  core 
part  and  shell  material  as  the  encapsulant.  Sometimes,  an  addi¬ 
tional  air  pocket  is  provided  inside  the  core  part  to  accommodate 
the  change  in  volume  during  phase  change  process.  Cristopia 
Energy  Systems  [36]  manufacture  such  type  of  nodules.  The  shell 
should  be  strong  enough  to  sustain  the  stresses  that  are  generated 
due  to  volumetric  changes  during  the  phase  change  process  of  the 
PCM.  The  hydrophobic  PCMs  can  prevent  the  solubility  of  PCM 
into  water.  This  avoids  the  contamination  of  the  water  that  would 
have  otherwise  resulted  in  hazardous  effects  to  the  human  health. 
The  thickness  of  the  coating  material  is  one  of  the  critical 
parameters  in  assessing  the  effectiveness  of  the  encapsulated 
PCM.  A  substantially  thin  PCM  capsule  can  have  inferior  structural 
and  thermal  strengths,  whereas,  excessive  thickness  of  the  coat¬ 
ing  material  can  reduce  the  amount  of  PCM  inside  the  shell, 
thereby  increasing  the  container  volume.  In  subsequent  section,  a 
detailed  study  of  effect  of  the  encapsulation  thickness  on  the 
performance  of  a  TESS  is  presented. 

The  working  principle  of  the  encapsulated  PCM  as  shown  in 
Fig.  1  can  be  explained  as  follows.  In  solid  state,  the  supplied  heat 
to  the  PCM  increases  its  temperature  until  it  reaches  the  melting 
point.  The  PCM  temperature  remains  constant  throughout  the 
melting  process.  During  this  phase  change  process  substantial 
amount  of  heat  is  stored.  The  molten  PCM  transforms  to  solid 
when  exposed  to  the  surrounding  with  a  temperature  lower  than 
its  melting  point.  The  phase  transformation  occurs  through 
release  of  thermal  energy  during  sensible  cooling  and  the  phase 
change  process  from  the  liquid  to  solid  state.  The  phase  change  of 
PCM  from  solid  to  liquid  phase  and  from  liquid  to  solid  phase  are 
termed  as  charging  and  discharging  processes,  respectively. 

There  are  two  broad  methods,  namely,  physical  and  chemical 
for  the  manufacture  of  the  microencapsulated  PCM.  Fig.  2  shows 
the  flowchart  of  different  manufacturing  techniques  of  the  micro- 
encapsulated  PCM.  Physical  methods  result  in  a  relatively 
large  size,  rough  surface  microcapsules  as  compared  to  chemical 
methods.  Hawlader  et  al.  [31]  reported  a  substantial  drop  in 
heat  storage  capacity  with  the  physical  methods  as  compared  to 
that  of  chemical  methods.  Among  the  chemical  methods,  in 
situ  polymerization  was  found  to  be  a  favorite  choice  for  the 
encapsulation  due  to  its  excellent  shell  structure  and  smaller 
capsule  size  [37], 
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Fig.  2.  Flow  chart  showing  different  manufacturing  techniques  of  microencapsulated 
PCM. 


Fig.  3.  Different  geometries  for  encapsulation  of  PCM  (a)  spherical  (b)  tubular 
(c)  cylindrical  and  (d)  rectangular. 


3.  Nomenclature 


3.1.  Encapsulation  ratio 


Encapsulation  ratio,  r\  indicates  the  effective  performance  of  a 
PCM  inside  the  capsule  [38],  The  encapsulation  ratio  is  defined  by 
the  following  formula  [34,39]: 


(A nimericnpPCM  .  rtn 

t]  =  - r-r-r rr - - -  X  1 00 


(AH), 


m.PCM 


(1) 


3.2.  Encapsulation  efficiency 

The  encapsulation  efficiency,  E  is  given  by  the  following 
formula  [40] 

c  (AH)  m.encapPCM  +  (ms.encaPPCM  ,  An 

E  = - Mm - TT/Vm - - - xl0°  (2) 

( AH  )mpcM  +  ( AH  )sPCM 

The  melting  latent  heat  and  the  latent  heat  of  crystallization 
are  identical  for  a  perfectly  reversible  PCM.  The  difference 
between  the  two  arises  due  to  different  melting  and  solidification 
points.  The  difference  in  melting  and  solidification  point  may  be 
attributed  to  the  effect  of  subcooling,  or  incongruent  melting. 

Higher  encapsulation  efficiency  is  desirable  due  to  its  higher 
mechanical  strength  and  leak  proof  characteristics.  The  phase 
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change  enthalpy  of  the  encapsulated  PCM  is  a  strong  function  of 
encapsulation  ratio  and  encapsulation  efficiency  [38],  Hawlader 
et  al.  [31]  mentioned  that  the  encapsulation  efficiency  is  a  critical 
parameter  in  determining  the  quantity  of  PCM  to  be  encapsulated. 

4.  Types  of  PCM  encapsulation  based  on  size 

Based  on  size,  encapsulated  PCM  can  be  classified  as  follows 

i)  macro  (above  1  mm), 

ii)  micro  (0-1000  pm)  and 

iii)  nano  (0-1000  nm)  encapsulated  PCM. 

Macroencapsulation  is  a  common  way  of  encapsulating  the 
PCM  for  thermal  energy  storage  applications.  The  container  shape 
may  be  spherical,  tubular,  cylindrical  or  rectangular  as  shown  in 
Fig.  3.  Metallic  encapsulant  is  preferred  if  high  heat  transfer  is  the 
criteria,  else,  plastic  containers  are  most  widely  used.  However, 
compatibility  of  both  metallic  and  plastic  encapsulants  with  the 
PCM  needs  to  be  checked.  Climator  [41]  produces  rectangular 
shape  pouches  of  plastic  foil  integrated  with  metallic  layers. 
Rubitherm  [42]  uses  rectangular  box  to  encapsulate  the  PCM. 
Tin-plated  food  cans  and  plastic  bottles  found  to  be  the  cheapest 
containers  for  the  macroencapsulation. 

The  manufacturing  of  microencapsulated  PCM  is  more  com¬ 
plex  than  macroencapsulated  PCM  as  its  size  falls  below  1  mm. 
However,  microencapsulation  result  in  a  higher  heat  transfer 
rates  as  compared  to  that  of  macroencapsulation  [22,31],  This  is 
attributed  to  a  substantially  higher  surface  area  to  volume  ratio, 
ability  to  withstand  the  change  in  volume  during  phase  change 
process  and  less  chemical  reactivity  of  PCM  with  the  shell 
material.  Higher  heat  transfer  rate  results  in  rapid  melting  and 
solidification  of  the  micro-encapsulated  PCM.  For  macro-capsules, 
the  large  capsule  size  results  in  temperature  differential  at  the 
PCM  core  and  boundary.  The  edge  remains  solid,  whereas,  core 
part  may  still  remain  in  the  liquid  form,  thus  preventing  the 


effective  heat  transfer  [43],  Sari  et  al.  [39]  demonstrated  that 
micro-encapsulated  PCMs  are  thermally  more  reliable  and  che¬ 
mically  more  stable  than  that  of  macro-encapsulated  PCMs. 
The  only  problem  with  microencapsulated  PCM  is  the  possibility  of 
increase  in  supercooling  [33].  Due  to  supercooling;  PCM  retains  its 
liquid  phase  even  below  its  freezing  point.  The  supercooling  can  be 
prevented  by  incorporating  nucleating  agents  [44].  Fan  et  al.  [45] 
demonstrated  that  separate  addition  of  6  wt%  sodium  chloride  and 
9wt%  1-octadecanol  in  core  material  resulted  in  prevention  of 
supercooling,  however,  the  microcapsule  surface  became  rough. 
Addition  of  20  wt%  paraffin  yielded  no  supercooling  and  dispersa- 
bility.  It  also  resulted  in  excellent  surface  finish.  Biswas  [46]  added 
extra  water  to  reduce  the  intensity  of  the  supercooling. 

There  are  also  studies  on  the  nano-encapsulated  PCM  for 
thermal  energy  storage  [47-49].  The  advanced  technological 
developments  have  made  it  possible  to  encapsulate  the  PCM  at 
the  nano-scale.  Sukhorukov  et  al.  [50]  applied  the  same  force  on 
10  nm  and  10  pm  size  polyelectrolyte  capsules  and  observed  that 
deformation  for  the  10  nm  capsule  was  substantially  smaller  as 
compared  to  that  of  10  pm  capsule.  This  shows  that  nano¬ 
capsules  are  structurally  more  stable  as  compared  to  macro  and 
micro-capsules  and  there  is  a  great  potential  in  the  use  of 
nanocapsules  for  thermal  energy  storage  applications.  However, 
the  research  on  nanocapsule  is  still  at  the  laboratory  level.  More 
investigations  are  required  to  bring  nanocapsules  into  the  com¬ 
mercial  applications.  The  macro  and  micro-capsules  have  been 
successfully  commercialized  in  the  market  for  the  TESS  applica¬ 
tions.  Table  1  shows  the  product  details  of  the  industries  that  are 
involved  in  the  manufacture  of  the  encapsulated  PCMs. 


5.  Performance  improvement  of  a  thermal  system  using 
encapsulated  PCM 

This  section  provides  detailed  information  on  the  performance 
improvement  of  a  thermal  system  due  to  incorporation  of  PCM. 
Maximum  heat  transfer  between  the  PCM  and  heat  transfer  fluid 


Table  1 

Manufacturers  and  their  specifications  of  encapsulated  PCMs. 


Trademark  name/ 
Industry 

PCM  (s) 

Shell  material  (s) 

Container  (s) 

Average 
container  size 

Application  (s) 

Reference 

Cristopia 

Eutectic  salts 

Polyolefin 

Spherical  balls 

77  mm 

Industrial  refrigeration,  building 
conditioning 

[36] 

ClimSel/climator 

Sodium  acetate, 
sodium  sulphate 

Pouches 

Medicine  transportation,  clothing, 
air-conditioning,  electronic 
cooling,  fire  protection 

[41] 

Rubitherm 

Paraffin,  salt  hydrate  in 
granulate,  powder  and 
compound  forms 

Aluminum,  plastic 

Box,  bag 

Storage  and  transport  of  food, 
medical  equipments,  storage 
materials  for  textile 

[42] 

Latest™/  TEAP 
Energy 

Glauber’s  salt,  soda 
ash,  sodium  acetate 
and  paraffin  wax 

Aluminum,  steel  and 
polyethylene 

Bottles,  balls 

25.4  mm 

Hot  pads  and  solar  heating, 
telecom  enclosure,  back-up  air- 
conditioning,  cold  storage 

[51] 

PCM  Products  Ltd. 

Eutectics,  salt  hydrates, 
organic  materials,  and 
high  temperature  salts 

Rubber,  HDPE  plastic 

Tube,  ball,  pouches, 
plate 

40  mm 

Space  International  space  station, 
automotive  passive  cooling,  solar 
heating  and  heat  recovery 

[52] 

MPCM/Microtek 
Laboratories  Inc. 

Paraffin 

polymer 

17-20  pm 

Active  wear  clothing,  woven  and 
non-woven  textiles,  building 
materials,  packaging,  and 
electronics 

[53] 

Micronal®/BASF 

Paraffin  wax 

Polymer 

Microcapsules 
impregnated  with 
gypsum  wall  boards 

5  pm 

Building  conditioning,  surface 
cooling 

[54] 

DuPont™ 

Energain™ 

Paraffin  wax 

Aluminum 

Wall  panels 

- 

Building  conditioning,  fire 
protection 

[55] 

Aegis 

Inorganic  salts 

High  density 
polyethylene 

Panels,  spherical  balls, 
pouches 

75  mm  ball  dia., 
145  mm  x  260  - 
mm  size  pouch 

Cold  storage,  boilers,  solar  water 
heaters,  transport  of  blood,  frozen 
food,  fruits  and  vegetables  etc. 

[56] 
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(HTF)  or  surrounding  environment  is  very  essential  in  order 
to  make  a  system  more  compact  and  efficient  [57 ].  However, 
most  of  the  PCMs  (especially  organic  PCMs)  show  a  lower  thermal 
conductivity,  hence,  results  in  a  decreased  heat  transfer  rate. 
There  are  numerous  studies  that  explain  the  techniques  for 
enhancement  in  heat  transfer  of  PCMs  [58-60].  These  techniques 
primarily  focus  on  increasing  the  thermal  conductivity  of  PCM  to 
improve  the  system  performance.  Only  a  brief  overview  of  these 
techniques  is  provided  here  in  the  initial  part  of  this  section. 

Velraj  et  al.  [58]  listed  heat  transfer  enhancement  techniques 
for  the  PCM  based  applications.  It  was  reported  that  the  heat 
transfer  can  be  enhanced  by  the  following  ways. 

1.  Using  fin  configuration. 

2.  Inserting  a  high  thermal  conductivity  metal  matrix  into  a  PCM. 

3.  Dispersing  the  PCM  with  a  high  thermal  conductivity  particles. 

4.  By  micro-encapsulation  of  the  PCMs. 

Ettouney  et  al.  [61]  observed  a  three-fold  decrease  in  Fourier 
number  and  a  three-fold  increase  in  Nusselt  number  (hence  the 
heat  transfer  rate)  by  inserting  metal  screen/spheres  in  the  paraffin. 
Sari  [62]  reported  that  thermal  conductivity  of  paraffin/high  density 
polyethylene  composites  can  be  increased  by  about  24%  by  adding 
3  wt%  expanded  and  exfoliated  graphite.  Bellemare  [63]  reported 
five  methods  of  applying  conductive  layer  on  the  encapsulated  PCM 
to  improve  its  thermal  and  electrical  conductivity.  These  are 
sputtering,  evaporation,  chemical  vapor  deposition,  electrochemical 
and  electroless  deposition.  Out  of  these,  electroless  deposition  has 
positively  influenced  the  encapsulated  PCM.  The  applied  layer  of 
silver  on  the  micro-encapsulated  PCM  has  substantially  improved 
the  thermal  and  electrical  conductivity. 

Regin  et  al.  [64]  presented  a  review  on  the  use  of  PCM  capsules 
for  thermal  energy  storage  application.  It  was  reported  that  the 
determination  of  heat  transfer  during  phase  change  process  is 
complicated  due  to  non-linear  operation,  change  in  volume  and 
inadequate  knowledge  of  heat  transfer  mechanism.  The  above 
phenomena  found  to  be  the  major  source  of  inaccurate  prediction 
of  performance  of  a  thermal  system.  Later,  Jegadheeswaran  and 
Pohekar  [60]  in  their  review  reported  that  microencapsulation  of 
PCM  not  only  enhances  the  heat  transfer  characteristic  due  to 
increase  in  surface  area  to  volume  ratio  but  also  alleviates  the 
problems  that  arises  due  to  change  in  volume  and  lower  thermal 
conductivity.  It  was  suggested  that  there  is  a  need  to  perform  a 
comparative  study  of  the  microencapsulated  PCM  with  the  pure 
PCM  to  assess  its  performance.  Farid  et  al.  [65]  reported  that 
higher  heat  transfer  surface  area  and  the  decreased  reactivity  of 
the  microencapsulated  PCM  are  advantageous  for  the  improve¬ 
ment  in  thermal  performance  of  a  system.  Zhao  [66]  described 
that  microencapsulated  PCM  has  a  good  potential  for  thermal 
energy  storage  applications.  Certain  issues  that  were  raised 
related  to  the  encapsulated  PCM  are  instability,  agglomeration 
and  nano  size  fabrication.  It  was  reported  that  more  research  on 
MPCM  based  thermal  energy  storage  system  is  required  to  reduce 
the  overall  cost  of  the  system. 

Dutil  et  al.  [67]  suggested  that  effect  of  micro  and  nanocap¬ 
sules  on  the  effective  viscosity  of  the  fluid  and  thermal  dilation 
of  PCM  needs  to  be  investigated.  The  use  of  carbon  fiber  to 
improve  the  thermal  conductivity,  although  it  has  a  poor  thermal 
conductivity  was  questioned.  Prakash  et  al.  [68]  during  his 
numerical  simulations  reported  that  movement  of  solid-liquid 
boundary  poses  a  problem  to  simulate  the  phase  change  process 
due  to  lack  of  knowledge  of  the  movement  speed  and  the  two 
phase  mixture.  The  problem  becomes  severe  if  the  PCM  has  more 
depth,  as  it  takes  more  time  to  move  the  interface  boundary  from 
one  end  to  the  other.  On  the  other  hand,  the  numerical  studies 
can  assume  a  single  phase  solution  inside  the  micro-encapsulated 


PCM  and  simplifies  the  problem  with  a  reasonable  accuracy. 
Bony  et  al.  [69]  investigated  effect  of  internal  convection  inside 
the  paraffin  that  was  encapsulated  using  an  aluminum  container 
of  dimensions  8.8  cm  x  15  cm  x  0.03  cm.  It  was  observed  that 
temperature  fluctuations  were  increased  during  the  phase  change 
process  resulting  in  increased  simulation  time. 

Talmatsky  and  Kribus  [70]  compared  effectiveness  of  PCM  based 
solar  water  heater  with  the  conventional  solar  water  heater.  The 
PCM  was  encapsulated  inside  a  small  cylindrical  container.  A 
number  of  containers  were  placed  at  the  top  layer  of  the  storage 
tank.  Surprisingly,  only  a  marginal  gain  in  improvement  was 
observed  for  the  PCM  based  solar  water  heater.  In  few  cases, 
even  a  loss  in  the  performance  was  observed.  Ibanez  et  al.  [71] 
performed  experimental  and  numerical  studies  on  improvement  in 
heat  storage  capacity  of  a  solar  hot  water  storage  tank  using  sodium 
acetate  trihydrate  encapsulated  in  aluminum  bottles  of  8.8  cm 
diameter  and  31.5  cm  height.  The  bottles  were  placed  in  the 
cylindrical  water  storage  tank.  It  was  observed  that  the  total  solar 
fraction  was  increased  from  4%  to  8%  due  to  incorporation  of 
encapsulated  PCM.  The  solar  fraction  represents  the  contribution 
of  solar  energy  to  the  total  energy  that  is  to  be  purchased.  Later,  it 
was  suggested  that  merely  increase  in  PCM  will  not  improve  the 
performance.  There  is  a  critical  value,  beyond  which  addition  of 
PCM  will  not  improve  the  thermal  performance  of  the  system. 
Cabeza  et  al.  [72]  investigated  the  use  of  sodium  acetate  trihydrate 
encapsulated  in  a  cylindrical  aluminum  container  of  size  8.8  cm  x 
31.5  cm  for  thermal  energy  storage.  The  energy  density  as  calcu¬ 
lated  by  using  sensible  heat  of  water  was  marked  as  a  baseline  case. 
It  was  reported  that  the  increase  in  energy  densities  for  2,  4  and 
6  PCM  modules  for  1  K  temperature  difference  were  40%,  57.2%  and 
66.7%,  respectively.  For  8  K  temperature  difference  they  were 
6%,  1 2%  and  1 6.4%,  respectively.  The  temperature  of  the  top  layers 
in  the  storage  tank  was  warmer  than  54  °C  for  the  duration  of 
about  10-12  h.  Mehling  et  al.  [73]  used  PCM  modules  of  size 
10  cm  x  30  cm  filled  with  a  mixture  of  PCM-graphite  composite. 
It  was  observed  that  the  energy  density  was  increased  by  about  20% 
to  45%,  whereas,  the  hot  water  storage  period  was  extended  by 
about  50%  to  200%. 

Tyagi  et  al.  [74]  reported  that  microencapsulation  is  one  of  the 
best  ways  of  utilizing  PCM  to  maintain  the  thermal  comfort 
within  a  building.  The  microencapsulated  PCM  can  be  mixed 
with  either  concrete  or  gypsum  wall.  This  mixture  has  the  ability 
to  reduce  the  temperature  fluctuations  especially  for  the  light¬ 
weight  buildings.  Schossig  et  al.  [75]  described  that  micro¬ 
encapsulation  of  PCMs  is  the  easiest  way  to  tackle  the  problems 
raised  due  to  macro-encapsulation  or  direct  immersion.  The  PCM 
microcapsules  can  be  directly  integrated  with  the  building  wall. 
The  micro  level  size  of  PCM  avoids  its  destruction  during  drilling 
the  holes  in  the  building  wall.  Other  benefits  of  micro-encapsula¬ 
tion  are  high  heat  transfer  rates  and  better  phase  change  proper¬ 
ties.  The  PCM  microcapsules  of  8  pm  diameter  were  integrated 
with  the  plaster  boards.  It  was  observed  that,  during  day  time, 
PCM  integrated  plaster  wall  reduced  the  ambient  temperature  by 
4  K  as  compared  to  plaster  wall  without  PCM.  The  maximum 
temperature  in  the  PCM  room  occurred  after  one  hour.  During 
night  time,  the  PCM  room  temperature  was  increased  to  maintain 
the  thermal  comfort  condition.  Subsequently,  Cabeza  et  al.  [43] 
observed  a  drop  of  2  °C  for  a  microencapsulated  PCM  filled  cubicle 
as  compared  to  conventional  cubicle.  The  PCM  used  was  Micronal 
PCM  (from  BASF)  with  a  latent  heat  of  fusion  llOkJ/kg.  An 
improved  thermal  inertia  was  observed  with  the  microencapsu¬ 
lated  PCM.  Castellon  et  al.  [76]  carried  out  similar  studies  with 
two  different  cubicles,  one  with  a  mixture  of  PCM  and  concrete  and 
other  with  concrete  only.  The  volume  of  both  cubicles  was  kept  the 
same.  A  4  °C  temperature  difference  was  observed  between  the 
two  cubicles.  The  peak  temperature  for  the  PCM-concrete  cubicle 
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occurred  2  h  later  than  the  concrete  cubicle.  Douglas  [77]  demon¬ 
strated  the  use  of  encapsulated  paraffin  (octadecane)  in  the  floor 
tile  for  residential  building  cooling  during  day  time  and  heating 
during  night  time.  It  was  found  that,  using  micro-encapsulated  PCM 
of  21  pm  diameter,  the  thermal  energy  storage  was  about  2.02  MJ/ 
m2  for  a  half  inch  floor  tile.  Corresponding  increase  in  solar  saving 
and  annual  cost  saving  were  17.3%  and  $100.34,  respectively. 

Castellon  et  al.  [78]  reported  that  use  of  micro-encapsulated 
PCM  in  a  sandwich  panel  resulted  in  increased  thermal  inertia 
and  decreased  energy  demand  for  the  building  construction 
application.  Li  et  al.  [79]  used  microencapsulated  paraffin  and  a 
composite  mixture  of  high  density  polyethylene  and  wood  flour 
for  the  latent  heat  storage.  The  micro-encapsulation  of  the  PCM 
prevented  it  to  mix  with  the  composite  mixture.  The  average 
particle  size  of  the  PCM  was  7.29  pm.  The  thermal  conductivity  of 
the  form-stable  PCM  was  increased  by  17.7%  by  adding  8.8  wt% 
micro-mist  graphite.  It  was  observed  that  the  addition  of  micro- 
mist  graphite  has  not  deteriorated  the  mechanical  properties  of 
the  form-stable  PCM.  The  mechanical  test  revealed  the  leak  proof 
characteristics  of  the  molten  PCM.  The  form-stable  PCM  was 
found  to  be  thermally  stable  after  subjecting  it  to  100  melt- 
freeze  cycles.  Subsequently,  Kenisarin  and  Kenisarina  [80]  pre¬ 
sented  the  developments  in  form-stable  PCMs  for  thermal  energy 
storage  applications.  The  suggested  structure  supporting  materials 
for  the  form-stable  PCM  are  high-density  polyethylene,  styrene- 
butadiene-styrene  triblock  copolymer,  poly  vynil  chloride  and  poly 
vynil  alcohol.  The  form-stable  PCMs  represent  the  solid-solid  phase 
transition  materials.  It  was  reported  that  the  form-stable  PCMs 
are  free  from  certain  issues,  such  as,  supercooling,  instability,  high 
volume  change  etc.  that  may  incur  during  solid-liquid  phase 
transition. 

Nallussamy  et  al.  [81]  reported  the  use  of  paraffin  encapsu¬ 
lated  with  a  high  density  polyethylene.  The  encapsulated  sphe¬ 
rical  capsule  has  a  diameter  of  55  mm  and  thickness  of  0.8  mm. 
The  264  capsules  occupied  about  50%  of  the  storage  tank  space.  It 
was  observed  that  batch  wise  discharge  of  water  with  combined 
energy  storage  system  (sensible  heat + latent  heat)  resulted  in  fast 
charging  period  as  compared  to  continuous  discharge  with  only 
sensible  heat  storage.  Esen  et  al.  [82]  numerically  investigated 
two  cases,  first,  PCM  packed  in  the  cylinder  with  a  parallel  fluid 
flow  over  it  (mode  1 )  and  second,  the  fluid  flows  through  cylinder 
that  is  immersed  in  the  PCM  (mode  2).  Between  these  two,  mode 
2  found  to  be  the  best  heat  transfer  mechanism  resulting  in  a 
substantially  reduced  melting  time  for  the  PCM.  Kousksou  [83] 
reported  that  efficiency  of  a  thermal  storage  system  can  be 
improved  by  arranging  the  layers  of  spherical  capsules  containing 
different  PCMs  in  a  particular  order.  The  PCMs  used  were  PCM28, 
PCM30  and  PCM32  encapsulated  in  a  60  mm  spherical  capsule 
and  placed  in  a  cylindrical  tank  of  height  1.5  m.  PCM28,  PCM30 
and  PCM32  represent  the  PCMs  with  the  melting  point  of  28  °C, 
30  °C  and  32  °C,  respectively.  Two  cases  were  studied;  (i)  PCM28, 
PCM30  and  PCM32  arranged  in  equal  layers  in  the  order  of  bottom 
to  top  of  the  tank  and  (ii)  the  reverse  order  as  given  in  (i).  In  the 
former  case,  the  PCM32  placed  in  the  top  layer  could  not  melt, 
however,  in  the  latter  case,  the  PCM28  placed  in  the  top  layer  was 
successfully  melted.  Hence,  thermal  performance  with  the  latter 
case  was  improved  by  restructuring  the  layers  of  the  PCMs. 

Song  et  al.  [84]  demonstrated  an  increase  in  wall  strength  of 
the  microencapsulated  bromo-hexadecane  due  to  addition 
of  silver  nano-particles.  The  thermal  and  structural  stability  of 
PCM  microcapsules  incorporated  with  silver  nano-particles  was 
substantially  higher  as  compared  to  conventional  PCM  micro¬ 
capsules.  This  was  attributed  to  the  increase  in  strength  and 
toughness  due  to  addition  of  silver  nano-particles.  Davis  et  al.  [85] 
used  macrocapsules  containing  plurality  of  microcapsules  suspended 
in  a  gelling  agent  for  the  thermal  energy  storage  applications, 


especially,  thermal  comfort  using  coat  or  vest.  Melamine- 
formaldehyde  was  used  as  a  shell  material  for  micro-encapsula¬ 
tion  of  octadecane.  The  microcapsule  size  was  varied  from  2  pm 
to  40  pm,  whereas,  macrocapsule  size  was  in  the  range  of  1  mm 
to  10  mm.  Ma  et  al.  [86]  used  microcapsules  of  size  0.5-2  pm 
containing  paraffin  as  a  PCM.  The  encapsulation  was  carried  out 
with  PMMA.  It  was  reported  that  microencapsulated  PCM  has 
good  potential  for  thermal  energy  storage  applications.  A  good 
thermal  reliability  was  observed  as  the  phase  change  properties 
were  marginally  changed  even  after  1000  thermal  cycles. 

Zhang  et  al.  [87]  performed  experiments  on  n-octadecane 
micro-encapsulated  with  urea-melamine-formaldehyde  with  dif¬ 
ferent  mole  ratios  to  assess  its  phase  change  properties  and 
thermal  stability.  The  best  performance  was  achieved  at  mole 
ratios  of  urea-melamine-formaldehyde  in  the  order  of  0.2:0.8:3 
that  resulted  in  enhanced  thermal  stability  up  to  163  °C. 
The  stability  was  further  increased  up  to  200  C  by  adding 
cyclohexane.  Later,  Salaun  et  al.  [88]  demonstrated  the  effect  of 
ratio  of  formaldehyde/melamine  (F/M)  on  the  mechanical  proper¬ 
ties  of  paraffin  encapsulated  with  amino  resin.  It  was  reported 
that  a  lower  F/M  ratio  results  in  a  smooth  encapsulation  surface 
with  a  significant  reduction  in  the  structural  strength  of  the 
microcapsule.  Conversely,  at  higher  F/M  ratio,  better  mechanical 
properties  of  the  encapsulated  PCM  were  observed. 


6.  Effect  of  core-to-coating  ratio 

Core-to-coating  ratio  is  a  critical  parameter  that  decides  the 
mechanical  strength  of  the  encapsulated  PCM.  A  lower  core-to- 
coating  ratio  leads  to  excessive  shell  thickness,  which  in  turn 
reduces  the  amount  of  PCM  contained,  whereas,  the  encapsulated 
PCM  strength  deteriorates  and  the  chances  of  PCM  spillage 
increases  for  a  higher  core-to-coating  ratio.  A  review  of  effect  of 
core-to-coating  ratio  on  the  structural  and  thermal  stability  of  the 
encapsulated  PCM  is  given  here  in  detail. 

Su  et  al.  [89]  investigated  effect  of  various  core-to-shell  mass 
ratios  on  the  performance  of  an  encapsulated  PCM.  Lauryl  alcohol 
and  melamine-formaldehyde  resin  were  used  as  core  and  shell 
materials,  respectively.  The  encapsulated  PCM  diameter  was  in 
the  range  of  5-10  pm.  The  core-to-shell  mass  ratio  was  varied 
from  1:1  to  4:1  in  the  step  of  1:1.  It  was  reported  that  higher  core 
material  is  always  essential  to  store  and  release  more  thermal 
energy.  However,  for  a  higher  core  size,  a  decreased  shell  thick¬ 
ness  can  adversely  affect  the  mechanical  properties  of  the 
encapsulated  PCM.  The  core-to-shell  mass  ratio  of  3:1  was  found 
to  be  the  optimum.  It  was  also  observed  that  the  mechanical 
properties  of  double-shell  micro-encapsulated  PCM  were  excel¬ 
lent  as  compared  to  that  of  single-shell.  Subsequently,  Hawlader 
et  al.  [31]  reported  that  a  lower  coating  thickness  results  in  poor 
performance  of  a  micro-encapsulated  PCM.  A  higher  core-to- 
coating  ratio  leads  to  an  increased  micro-encapsulation  efficiency 
and  hence,  rapid  storage  and  release  of  thermal  energy. 

Ohtsubo  et  al.  [90]  investigated  breaking  behavior  of  the 
microcapsule  based  on  the  mass  mean  diameter  (D)  and  wall 
thickness  (T).  The  capsule  was  microencapsulated  with  polypro¬ 
pylene.  It  was  reported  that  at  large  (D/T)  ratio,  a  small  force  is 
enough  to  break  the  50%  of  the  microcapsule.  Roy  and  Sengupta 
[91  ]  performed  experimental  studies  on  micro-encapsulated 
PCMs  for  the  higher  heat  transfer  rates.  Two  PCMs  under  study 
were  n-eicosane  and  stearic  acid  with  two  different  shell  thick¬ 
nesses  of  15%  and  30%  of  the  total  microcapsule  volume.  The 
structural  and  thermal  stability  of  microcapsules  were  investi¬ 
gated  using  thermal  cycling  and  radiation  test.  It  was  observed 
that  the  PCM  with  lower  shell  thickness  (15%  of  the  total 
microcapsule  volume)  failed  to  sustain  the  repeated  thermal 
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cycles  through  melting  point.  However,  microcapsules  with 
higher  shell  thickness  found  to  be  structurally  and  thermally 
sound  for  at  least  100  cycles.  Zhang  and  Wang  [40]  performed 
microencapsulation  of  n-octadecane  using  polyurea  as  a  shell 
material.  The  investigations  were  carried  out  at  different  core-to- 
shell  weight  ratios  of  70/30  and  75/25.  The  mean  particle  sizes  at 
these  two  core-to-shell  ratio  were  6.9  pm  and  7.1  pm,  respec¬ 
tively.  For  a  higher  core-to-coating  ratio  (i.e.,  75/25),  an  early 
spillage  of  the  PCM  was  observed  at  a  temperature  of  about 
200  °C.  A  better  thermal  stability  of  microencapsulated  PCM  with 
a  lower  core-to-coating  ratio  was  observed.  The  microcapsule 
synthesized  using  Jeffamine  resulted  in  higher  encapsulation 
efficiency  and  better  phase  change  properties  as  compared  to 
synthesized  using  ethylene  diamine  and  diethylene  triamine. 

Wei  et  al.  [92]  investigated  the  effect  of  PCM  diameter  (2  mm, 
3  mm,  4  mm  and  5  mm)  on  the  heat  transfer  characteristics. 
A  rapid  heat  release  was  observed  for  the  smallest  PCM  diameter 
(i.e.,  2  mm),  and  gradually  decreased  with  increase  in  diameter. 
This  was  attributed  to  the  high  surface  area  to  volume  ratio  of  the 
small  diameter  encapsulated  PCM.  The  effect  of  shell  thickness 
(0.2  mm  and  0.4  mm  thickness)  on  heat  release  showed  that  a 
higher  shell  thickness  resulted  in  modestly  improved  capsule 
performance.  However,  due  to  increased  shell  thickness,  the 
amount  of  core  material  reduces  and  hence  affects  the  heat 
storage  capacity.  In  contrast  to  the  results  of  Wei  [92],  Ettouney 
et  al.  [93]  observed  that  increase  in  diameter  and  number  of 
beads  placed  inside  a  spherical  capsule  result  in  enhanced  heat 
transfer  characteristics.  Materials  used  for  the  spherical  capsule 
and  bead  were  copper  and  stainless  steel,  respectively.  The 
spherical  capsule  diameter  was  kept  at  30  mm  and  bead  dia¬ 
meters  were  varied  to  4  mm,  5  mm  and  6  mm. 

An  overview  of  key  parameters  of  encapsulated  PCM  as  used 
by  various  researchers  and  their  result  is  shown  in  Table  2. 


7.  Effect  of  shell  material 

Shell  material  plays  an  important  role  in  deciding  the  heat 
transfer  characteristics  as  well  as  mechanical  strength  of  the 
encapsulated  PCM.  A  high  strength  shell  material  with  good 


thermal  characteristics  not  only  improves  the  performance  of  a 
system  but  also  increases  the  number  of  thermal  cycles  that  the 
encapsulated  PCM  withstands. 

An  ideal  shell  material  should  have  following  properties: 

1.  It  should  have  sufficient  structural  and  thermal  strength  to 
withstand  the  phase  change  process  of  PCM. 

2.  It  should  retain  all  the  thermophysical  properties  at  the  micro 
and  nano-level  size. 

3.  It  should  be  leak  proof. 

4.  It  should  not  react  with  the  enclosed  PCM. 

5.  It  should  be  a  good  water  diffusion  barrier. 

6.  It  should  have  higher  thermal  conductivity  to  ease  the  heat 
exchange  between  the  PCM  and  its  surrounding. 

Common  materials  that  can  be  used  for  encapsulation  are 
polypropylene,  polyolefin,  polyamide,  silica,  polyurea,  urea- 
formaldehyde,  copper,  aluminum  etc.  A  survey  on  effect  of  shell 
material  on  the  heat  transfer  characteristics  is  presented  below. 

Werner  [95]  performed  experiments  on  thermal  energy  sto¬ 
rage  using  a  phase  change  mixture  of  90%  myristic  and  10%  lauric 
acid.  Three  different  shell  materials,  namely,  polypropylene, 
polyethylene  and  polyamide  were  used  during  the  experiment. 
It  was  observed  that  first  two  containers  (polypropylene  and 
polyethylene)  showed  diffusion  with  paraffin,  whereas,  there  was 
no  chemical  reaction  between  the  PCM  and  the  polyamide.  It  was 
also  reported  that  encapsulation  of  organic  PCM  is  more  difficult 
than  inorganic  PCM.  This  was  attributed  to  the  similar  structure 
of  the  organic  PCM  and  the  plastic  container  that  leads  to  a 
diffusion  or  initiation  of  chemical  reaction.  Sun  and  Zhang  [96] 
investigated  effect  of  different  coating  materials,  namely,  melamine- 
formaldehyde,  urea-formaldehyde  and  gelatin  on  the  mechanical 
strength  of  the  microcapsule.  It  was  observed  that  melamine- 
formaldehyde  and  urea-formaldehyde  ruptured  under  the  compres¬ 
sion  test,  whereas,  gelatin  was  found  to  be  structurally  stable.  The 
gelatin  capsule  was  elastic  up  to  the  deformation  of  50%. 

Zhang  et  al.  [40]  demonstrated  that  polyurea  has  good  physical 
properties  and  chemical  stability.  It  is  also  completely  insoluble  in 
water  and  other  solvents.  Therefore,  it  was  reported  that  polyurea 
has  a  great  potential  to  become  one  of  the  best  shell  material  for 


Table  2 

Summary  of  major  encapsulation  parameters  as  used  during  various  investigations. 


Sr.  no. 

PCM 

Method 

Type 

Coating 

material 

Capsule  wall 
thickness 

Capsule  size 

Remark 

Refer-ence 

1. 

n-Octacosane 

Emulsion 

polymerization 

Micro 

Polymethyl 

methacrylate 

(PMMA) 

- 

0.25  pm 

Good  energy  storage 
potential 

[39] 

2. 

n-octadecane 

Interfacial 

polycondensation 

Micro 

Polyurea  shell 

- 

Core/shell  ratio 
(wt:wt)  =  70:30 

High  encapsulation 
efficiency 

[40] 

3. 

Octadecane 

- 

Micro 

Polyester 

- 

21  pm 

Annual  saving  increased 
by  24% 

[77J 

4. 

Bromo- 

hexadecane 

Polymerization 

technique 

Nano 

Silver  nano-particles 

40-60  nm 

core/shell 

ratio=5:l 

High  thermal  and 
structural  stability  of 

PCM  due  to  addition  of 
silver  nano-particles 

[84J 

5. 

n-octadecane 

In  situ 

polymerization 

Micro 

Urea — melamine — 
formaldehyde 

Core/shell  ratio 
(wt:wt)  =  78:22 

0.2-5.6  pm 

Thermal  stability 
enhanced  by  10  °C 

[871 

6. 

n-e  icosane 
and  stearic 
acid 

Micro 

Cross-linked 
polyvinyl  alcohol 

15-30% 

50  pm-250  pm 

Thicker  wall  resulted  in 
good  thermal  and 
structural  stability 

[911 

7. 

Paraffin  wax 

Macro 

Stainless  steel 

0.4  mm 

2  mm 

Spherical  shape  resulted 
in  highest  heat  transfer 
rate 

192J 

8. 

Paraffin 

Injection  or 
blowing  process 

Polyethylene 
terephthalate  (PET) 

PET  shell  performed 
better  compared  to 
polyolefin  and 
polycarbonate 

1941 
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the  microencapsulation  of  the  PCMs.  In  the  subsequent  studies, 
Zhang  et  al.  [38]  reported  that  silica  posses  a  substantially  higher 
thermal  conductivity  of  1.296  W/m-K  as  compared  to  polymeric 
materials  (fc= 0.2  W/m  K).  The  phase  change  properties,  thermal 
conductivity,  encapsulation  efficiency  and  antiosmosis  properties 
were  significantly  enhanced  due  to  micro-encapsulation  of  octa- 
decane  with  the  silica  shell.  The  encapsulation  with  silica  has 
improved  the  thermal  conductivity  from  0.1505  W/m  1<  to 
0.6213  W/m  K.  Later,  Fang  et  al.  [34]  as  well  reported  that  silica 
has  excellent  physical  properties  to  be  qualified  as  a  good  shell 
material.  It  has  good  chemical  and  thermal  stability,  significantly 
higher  thermal  conductivity  and  high  storage  capacity.  The  silica 
shell  provides  sufficient  mechanical  strength  and  prevents  leak¬ 
age  of  the  molten  PCM.  The  difference  between  melting  and 
solidifying  temperature  was  found  to  be  marginal  for  the  silica 
encapsulated  paraffin  as  compared  to  paraffin.  This  was  attrib¬ 
uted  to  the  silica  shell  that  acts  as  a  nucleating  agent. 

Alkan  et  al.  [29]  carried  out  experiments  on  preparation, 
characterization  and  thermal  analysis  of  microencapsulated  doc- 
osane  with  PMMA  as  a  coating  material.  After  1000,  3000  and 
5000  thermal  cycles,  a  substantially  improved  thermal  reliability 
was  observed  in  terms  of  change  in  temperature  and  enthalpy. 
Garcia  et  al.  [26]  assessed  thermal  stability  of  microcapsules 
synthesized  by  different  shell  compositions,  namely,  Sterilized 
Gelatine/Arabic  Gum  (SG/AG)  and  Agar-Agar/Arabic  Gum  (AA/AG). 
The  results  of  Thermogravimetric  analyses  showed  that  the  micro¬ 
capsules  decomposed  in  a  more  gradual  manner  for  the  AA/AG 
method,  whereas,  for  the  SG/AG  method,  the  microcapsules  break 
and  decomposed  at  the  same  time.  Hatfield  [97]  used  polyurethane- 
urea  to  encapsulate  polyethylene  glycol  8000  using  interfacial 
polymerization.  It  was  reported  that  the  shell  material  must  be 
elastomeric  to  accommodate  the  change  in  volume  during  the  phase 
change  process.  A  minimal  loss  in  latent  heat  of  fusion  was  observed 
due  to  encapsulation  of  the  PCM. 

Although  melamine-formaldehyde  and  urea-formaldehyde 
are  one  of  the  most  commonly  used  shell  materials,  the  health 
and  environmental  hazard  issues  have  been  observed  due  to 
emission  of  formaldehyde  [29,34].  Therefore,  the  recent  trend  is 
inclined  towards  the  use  of  formaldehyde-free  shell  materials. 
Zhang  et  al.  [38]  suggested  that  use  of  combination  of  organic- 
inorganic  materials  as  a  shell  material  can  be  an  optimistic  choice. 
Organic  material  offers  structural  flexibility  and  easier  processing, 
whereas,  inorganic  materials  are  well  known  for  good  chemical 
and  thermal  stability,  excellent  flame  retardancy,  higher  struc¬ 
tural  strength  and  substantially  higher  thermal  conductivity. 
Jegadheeswaran  and  Pohekar  [60]  suggested  the  use  of  low 
density  high  thermal  conductivity  additives,  such  as  carbon  fibers, 
that  have  lower  weight,  excellent  corrosion  resistance,  compat¬ 
ibility  with  most  of  the  PCMs  and  thermal  conductivity  almost 
equal  to  that  of  aluminum  and  copper. 


8.  Effect  of  encapsulation  geometry 

It  is  observed  that  encapsulation  geometry  has  substantial  effect 
on  the  heat  transfer  characteristics  of  the  PCM.  A  brief  description 
of  commonly  used  encapsulation  geometries  is  given  in  Section  4 
(see  Fig.  3).  A  survey  of  effect  of  various  encapsulation  geometries 
on  the  heat  transfer  characteristics  is  provided  below. 

Wei  et  al.  [92]  performed  numerical  and  experimental  studies 
on  various  geometries  of  encapsulated  PCMs,  namely,  sphere, 
cylinder,  plate  and  tube  to  improve  the  heat  transfer  rate.  It  was 
reported  that  the  spherical  shape  resulted  in  the  highest  heat 
transfer  rate.  For  other  geometries,  the  heat  transfer  rate 
decreased  in  the  order  of  cylinder,  plate  and  tube.  Zhang  et  al. 
[98]  described  the  application  of  microtubule  PCMs  for  thermal 


energy  storage.  The  microcapsules  were  stored  in  the  microtubule 
of  length  0.1-50  mm  and  diameter  0.1-1000  pm,  encapsulated 
using  polymer.  It  was  reported  that  due  to  high  hollowness  and 
micro-size  diameter,  the  microtubules  can  efficiently  and  rapidly 
transfers  the  heat.  Agyenim  et  al.  [19]  reported  that  cylindrical 
and  rectangular  shapes  are  the  most  commonly  used  container 
shapes  for  the  enhanced  heat  transfer  between  the  PCM  and  HTF. 
A  shell  and  tube  arrangement  found  to  give  the  minimal  heat  loss. 
Darkwa  and  Su  [99]  performed  simulation  studies  on  the  thermal 
performance  of  a  microencapsulated  PCM  board  by  varying  the 
encapsulation  geometry  (rectangular,  triangular  and  pyramidal). 
It  was  observed  that  the  thermal  response  time  for  the  rectan¬ 
gular  and  triangular  geometries  were  half  that  of  pyramidal 
geometry.  The  microencapsulation  resulted  in  ten  times  increase 
in  thermal  conductivity  as  compared  to  that  of  pure  PCM. 
However,  the  energy  storage  density  was  reduced  by  about  48%. 


9.  Melting  and  solidification  of  PCM 


Performance  of  a  PCM  based  thermal  system  is  significantly 
affected  by  the  melting  and  solidification  characteristics  of  the 
PCM.  Depending  upon  the  geometry  and  the  flow  and  heat 
transfer  characteristics,  one  or  more  dimensionless  parameters 
amongst  Nusselt  number  (Nu),  Rayleigh  number  ( Ra ),  Stefan 
number  (Ste)  and  Grashof  number  (Gr)  may  play  an  important 
role  during  the  phase  change  process.  The  Stefan  number  is  the 
ratio  of  sensible  heat  to  the  latent  heat  of  the  PCM  as  given  by  the 
following  equation. 


Ste  = 


CP(Tf-T  0) 
AH 


(3) 


For  higher  melting  rate  a  lower  Stefan  number  is  desirable, 
whereas,  a  higher  Stefan  number  can  improve  the  solidification  rate. 

Accurate  prediction  of  the  flow  and  heat  transfer  character¬ 
istics  during  melting  and  solidification  of  PCM  is  a  very  compli¬ 
cated  task  due  to  moving  interface  boundary.  The  speed  of  this 
boundary  is  not  known  a  priori.  Josef  Stefan  was  the  first  who 
reported  this  problem,  hence,  it  is  also  known  as  the  ‘Stefan 
problem’  or  the  moving  boundary  problem  [100].  Analytical 
solution  for  this  problem  is  available  only  for  one-dimensional 
case  with  very  simplified  boundary  conditions.  The  unknown 
speed  of  the  solid-liquid  boundary  and  the  highly  non-linear 
phase  change  characteristics  makes  it  difficult  to  achieve  the 
analytical  solution  for  the  complex  cases.  However,  numerical 
methods  can  be  used  with  a  reasonable  accuracy  to  tackle  the 
above  challenges.  Teng  and  Akin  [101]  explained  that  enthalpy 
and  capacity  are  the  two  most  commonly  used  fixed  domain 
methods  to  deal  with  such  problems. 

For  proper  functioning  of  a  PCM  based  thermal  system,  rapid 
melting  and  solidification  of  the  PCM  is  always  desirable.  The 
variation  of  thermophysical  properties  during  melting  and  soli¬ 
dification  depends  upon  the  PCM  chosen.  The  thermophysical 
properties  can  be  assumed  to  be  independent  of  temperature  but 
different  for  solid  and  liquid  phases  [102,103].  Dwarka  and  Kim 
[104]  considered  the  constant  thermophysical  properties  during 
phase  change  process  except  the  specific  heat.  Long  [105] 
assumed  constant  thermophysical  properties  during  phase 
change  process.  The  effect  of  natural  convection  in  the  liquid 
phase  was  neglected.  This  section  provides  a  survey  on  the  effect 
of  mass  flow  rate  of  HTF,  inlet  and  initial  temperature  of  HTF, 
various  shell  materials  and  container  shapes  on  the  flow  and  heat 
transfer  characteristics  of  the  PCM  during  the  solidification  and 
melt  processes. 

Veerappan  et  al.  [106]  analyzed  the  effect  of  encapsulation 
size,  initial  PCM  temperature  and  external  fluid  temperature  on 
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the  solidification  time.  The  encapsulated  PCM  diameter  was 
varied  from  4  cm  to  12  cm.  It  was  observed  that  a  large  size 
PCM  requires  more  time  to  solidify  and  vice  versa.  The  initial 
temperature  found  to  have  negligible  effect  on  the  solidification 
time.  Wu  et  al.  [107]  observed  that  inlet  temperature  of  HTF, 
porosity  of  packed  bed  and  flow  rate  of  HTF  have  a  significant 
influence  on  the  complete  solidification  and  melting  time  than 
the  effect  of  capsule  diameter  of  the  PCM.  A  higher  HTF  inlet 
temperature  resulted  in  substantially  reduced  melting  time, 
whereas,  higher  HTF  flow  rate  and  higher  porosity  of  packed 
bed  led  to  a  substantial  decrease  in  the  solidification  and  melting 
time.  Arkar  and  Medved  [108]  reported  that  heat  capacity  of  a 
PCM  is  a  function  of  temperature.  A  significant  change  in  specific 
heat  was  observed  during  the  phase  change  process.  An  apparent 
heat  capacity  for  the  PCM  is  given  by  the  following  equation. 


The  heat  generation  parameter  is  given  by: 


P  = 


qR2 

k(To—Tf) 


(6) 


The  presence  of  heat  generation  within  the  encapsulated  PCM 
significantly  increases  the  solidification  time  and  accelerates  the 
melting  process.  It  was  also  observed  that  increasing  the  capsule 
radius  substantially  rises  the  complete  solidification  time.  This  is 
attributed  to  the  rise  in  heat  generation  parameter  due  to  increase 
in  radius  of  the  cylinder  as  evident  from  Eq.  (6). 

Stritih  [112]  performed  experimental  studies  on  solidification 
and  melting  characteristics  of  paraffin  (Rubitherm  RT  30)  inside  a 
rectangular  container  of  size  650  mm  x  500  mm  x  120  mm. 
The  heat  transfer  correlations  for  solidification  and  melting  are 
given  respectively  as  follows. 


C-m=n^+C*  (4) 

Zukowski  [109]  formulated  a  mathematical  model  of  thermal 
energy  storage  for  heating  application  wherein  a  specific  heat 
capacity  approach  was  proposed  to  simulate  the  model  for 
solidification  and  melting  process.  The  natural  convection  during 
melt  process  was  simulated  using  equivalent  thermal  conductivity 
as  given  by  the  following  equation. 

It  was  observed  that  the  charge  cycle  time  was  higher  than  the 
twice  as  that  of  discharge  cycle.  Zivkovic  and  Fujii  [110]  per¬ 
formed  computational  and  experimental  investigations  to  deter¬ 
mine  the  effect  of  encapsulating  container  shape  on  the  melting 
time  of  calcium  chloride  hexahydrate.  The  model  assumed  neg¬ 
ligible  effects  of  conduction  in  the  direction  of  HTF  and  natural 
convection  in  the  molten  PCM.  The  containers  were  rectangular 
(100  mm  x  100  mm  x  20  mm)  and  cylindrical,  both  made  of 
stainless  steel.  In  order  to  compare,  the  volume  and  heat  transfer 
area  of  both  of  the  containers  were  kept  equal.  A  marginal 
difference  in  melting  time  was  observed  at  smaller  volume. 
However,  at  large  volume,  the  rectangular  container  has  halved 
the  melting  time  of  PCM  as  compared  to  that  of  cylindrical 
container. 

Zalba  et  al.  [3]  demonstrated  the  use  of  PCM  for  free-cooling  of 
building.  It  was  observed  that  the  thickness  of  encapsulation,  inlet 
air  temperature  and  air  flow  have  significant  influence  on  the 
solidification  process,  whereas,  during  melting  process,  the  inlet 
air  temperature  showed  more  influence  as  compared  to  the 
encapsulation  thickness.  Kalaiselvam  et  al.  [Ill]  analytically 
and  experimentally  studied  the  solidification  and  melting  char¬ 
acteristics  of  a  PCM  (60%  n-tetradecane+40%  n-hexadecane) 
encapsulated  in  a  copper  cylinder  of  size  70  mm  x  350  mm  x 
1  mm.  It  was  reported  that  solidification  and  melting  processes 
are  dominated  by  conduction  and  natural  convection,  respec¬ 
tively.  The  solidification  time  depends  upon  Stefan  number  and 
heat  generation  parameter  (/]),  whereas,  melting  time  is  a  func¬ 
tion  of  equivalent  thermal  conductivity. 


Nus  =  7  x  lCT13Ra09364 

(7) 

Num  =  8  x  l(T12Ra1  0392 

(8) 

From  above  equations,  it  can  be  observed  that  natural  convec¬ 
tion  during  melting  is  almost  ten  times  higher  than  that  during 
solidification.  Subsequently,  Tan  et  al.  [113]  computationally  and 
experimentally  demonstrated  that  the  conductive  heat  transfer 
was  dominant  in  the  initial  stage  of  the  phase  change  process. 
However,  with  the  progress  in  melting  process,  natural  convec¬ 
tion  became  dominant.  Ettouney  et  al.  [114]  observed  that  natural 
convection  was  dominant  during  melting  for  upward  flow  of  HTF, 
whereas,  for  downward  flow,  the  natural  convection  was  negli¬ 
gible.  The  solidification  process  found  to  be  dominated  by  con¬ 
duction  and  independent  of  flow  direction  of  HTF.  Cho  and  Choi 
[115]  reported  the  phase  change  characteristics  of  paraffin  (40% 
n-tetradecane  and  60%  n-hexadecane)  during  melting  and  solidi¬ 
fication  and  compared  it  to  water.  The  spherical  capsule  had  a 
high-density  polyethylene  shell  with  a  diameter  of  24.5  mm  and 
thickness  of  0.8  mm.  The  spherical  capsules  were  piled  up  in 
seven  layers.  A  shorter  melting  time  was  observed  for  the  first 
layer  placed  near  the  edge  of  the  storage  tank.  This  was  attributed 
to  the  lower  porosity  at  the  center  of  the  tank  that  results  in 
reduced  heat  transfer  rates.  The  effect  of  increased  inlet  tempera¬ 
ture  showed  that  the  phase  change  period  during  solidification 
was  significantly  higher  than  that  of  melting  process.  In  contrast, 
Zukowski  et  al.  [116]  in  their  first  ever  attempt  to  use  paraffin 
wax  (RT-56)  encapsulated  with  the  polyethylene  bag  observed 
that  the  charging  period  was  substantially  long,  whereas,  dis¬ 
charge  period  (cooling  process)  was  significantly  reduced. 

Ismail  and  Henriquez  [117]  performed  a  detailed  study  on  the 
effect  of  shell  material,  shell  thickness,  capsule  diameter  and  initial 
PCM  temperature  on  the  total  solidification  time  of  the  PCM.  The 
results  are  shown  in  Table  3.  It  was  observed  that  a  shell  material 
with  high  thermal  conductivity,  smaller  capsule  size  and  lower 
external  surface  temperature  results  in  reduced  time  for  the 
complete  solidification.  The  critical  radius  for  copper,  PVC  and  glass 
for  a  fixed  capsule  diameter  of  0.05  m  were  found  to  be  17.46  m, 
0.003  m  and  0.054  m,  respectively.  Increasing  the  capsule  radius 
until  the  critical  radius  increases  the  heat  transfer  rate,  hence, 


Table  3 

Effect  of  various  parameters  on  the  solidification  time  of  PCM  [117]. 


Shell  material 

Copper 

Stainless  steel 

Teflon 

PVC 

Solidification  time 

Short 

Short 

Large 

Largest 

Capsule  diameter  (mm) 

20 

100 

200 

400 

Solidification  time 

Shortest 

Short 

Large 

Largest 

External  surface  temperature  (  C) 

-5 

-10 

-20 

_ 

Solidification  time 

Shortest 

Short 

Large 

- 
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Table  4 

Melting  time  for  various  shell  materials  as  observed  by  Ismail  and  Henriquez 
[1181- 


Shell  material 

Copper 

Aluminum 

Polyethylene 

Acrylic 

PVC 

Melting  time  (h) 

7 

7 

8 

9 

9.3 

decreases  the  time  required  for  the  solidification.  Therefore,  heat 
transfer  rate  can  be  increased  by  increasing  the  diameter  of  copper 
and  glass  capsules.  However,  for  PVC,  as  the  critical  radius  was  less 
than  the  capsule  size  of  0.05  m,  any  increase  in  capsule  size  would 
have  decreased  the  heat  transfer  rate.  Later,  Ismail  and  Henriquez 
[118]  demonstrated  effect  of  various  shell  materials,  namely,  copper, 
aluminum,  acrylic,  PVC  and  polyethylene  on  the  solidification  and 
melting  time  of  PCM  encapsulated  in  a  77  mm  diameter  spherical 
capsule  of  thickness  2  mm.  The  spherical  capsule  contained  water 
and  ethylene  glycol  of  30%  volumetric  concentration.  Copper  and 
aluminum  shells  resulted  in  the  shortest  time  for  the  melting  of  the 
PCM.  Table  4  shows  the  melting  time  for  all  the  shell  materials.  The 
melting  time  required  for  polyethylene  was  modestly  good, 
whereas,  PVC  experienced  a  longer  melting  time  of  about  9.3  h.  It 
was  also  observed  that  with  decrease  in  working  fluid  entry 
temperature,  there  was  a  significant  reduction  in  time  required  for 
both  charging  and  discharging  process.  Similar  studies  were  carried 
out  by  Ismail  and  Moraes  [119]  using  a  mixture  of  water-glycol  as  a 
PCM.  It  was  reported  that  a  higher  thermal  conductivity  of  the  shell 
material,  smaller  capsule  size  and  lower  HTF  temperature  reduces 
the  total  solidification  time. 

Akgun  et  al.  [120]  investigated  effects  of  mass  flow  rate  and 
HTF  temperature  on  the  solidification  and  melting  characteristics 
of  paraffin  in  a  tube  in  shell  heat  exchanger.  It  was  observed  that 
the  increase  in  HTF  temperature  results  in  increased  solidification 
time.  The  effect  of  HTF  mass  flow  rate  found  to  be  negligible  at  the 
tube  inlet.  However,  far  upstream  from  the  tube  inlet,  the  increase 
in  HTF  mass  flow  rate  showed  higher  HTF  temperature  and  hence 
the  reduced  melting  time.  Subsequently,  Regin  et  al.  [121  ]  as  well 
reported  that  increase  in  HTF  temperature  and  mass  flow  rate 
resulted  in  the  lower  melting  time.  The  paraffin  wax  was  used  as 
a  PCM  contained  within  the  spherical  capsule.  The  investigations 
performed  with  various  capsule  diameters  showed  the  substan¬ 
tially  reduced  melting  and  solidification  time  for  smaller  diameter 
capsules  as  compared  to  that  of  large  diameter.  Due  to  lower  heat 
transfer  coefficient  during  solidification  process,  the  time 
required  for  complete  solidification  was  significantly  higher  as 
compared  to  that  of  melting  process.  The  above  results  found  to 
be  in  line  with  the  measurements  of  Wu  and  Fang  [122]. 


10.  Microencapsulated  phase  change  slurry  (MPCS) 

The  encapsulated  phase  change  material  can  be  dispersed  in 
the  HTF  (commonly  water)  to  increase  the  heat  transfer  rate.  PCM 
can  then  be  pumped  back  to  store  or  release  the  thermal  energy. 
Such  a  mixture  of  encapsulated  PCM  and  HTF  is  termed  as  the 
phase  change  slurry  (PCS).  The  mixture  is  termed  as  the  micro- 
encapsulated  phase  change  slurry  (MPCS)  in  case  the  encapsula¬ 
tion  is  at  the  micro  level.  The  MPCS  not  only  acts  as  an  energy 
storage  device  but  also  as  a  heat  transport  system.  Due  to  this, 
MPCS  is  commonly  used  in  secondary  loop  heat  transfer  systems 
such  as  the  refrigeration  system.  The  suspended  microcapsules 
store  and  transport  large  amount  of  thermal  energy  as  compared 
to  microcapsules  that  are  not  in  direct  contact  with  the  HTF. 

Substantial  investigations  have  been  carried  out  to  determine 
the  heat  and  fluid  flow  characteristics  of  the  PCS  [123-129]. 
Charunyakorn  et  al.  [130]  for  the  first  time  reported  that  there  is  a 


great  potential  in  the  PCS  in  terms  of  increase  in  heat  transfer 
rate.  The  Nusselt  number  for  PCS  varies  from  1.5  to  4  times  the 
Nusselt  number  for  single  phase  fluid.  The  MPCS  can  be  analyzed 
as  a  lumped  system  if  the  Biot  number  is  less  than  0.1.  For  this, 
there  should  be  negligible  resistance  to  the  conduction  as  com¬ 
pared  to  resistance  to  the  heat  transfer  between  MPCS  system  and 
the  surrounding  [131].  Chen  and  Fang  [132]  presented  a  review 
on  heat  transfer  characteristics  of  MPCS  flowing  in  a  horizontal 
circular  tube.  It  was  reported  that  the  heat  transfer  rate  of  the 
MPCS  increases  with  reduction  in  supercooling  and  increase  in  mass 
fraction  and  the  Reynolds  number  of  the  slurry.  Zhang  et  al.  [133] 
reported  that  thermophysical  properties  of  MPCS  play  an  impor¬ 
tant  role  in  the  heat  transfer  process.  It  was  suggested  to  add 
certain  amount  of  nano-particles  to  improve  the  thermal  con¬ 
ductivity  of  the  MPCS.  In  order  to  treat  the  slurry  as  the  New¬ 
tonian  fluid,  it  was  recommended  that  the  total  volume  fraction  of 
the  MPCS  should  fall  below  25%.  Beyond  certain  limit,  the 
increased  volumetric  concentration  of  the  MPCS  results  in  rapid 
increase  in  viscosity,  pressure  drop  and  decrease  in  convective 
heat  transfer  [127,134].  Choi  et  al.  [128]  observed  that  melting  of 
PCS  particles  resulted  in  substantial  reduction  in  local  pressure 
drop  and  significant  variation  in  local  heat  transfer  coefficient 
from  inlet  to  outlet.  Alvarado  et  al.  [135]  showed  an  increase  in 
heat  storage  capacity  of  MPCS  even  at  low  mass  fractions.  The 
microcapsules  found  to  be  durable  when  smaller  than  10  pm. 
Yang  et  al.  [136]  provided  MPCS  and  phase  change  emulsion  as 
two  kinds  of  HTFs.  It  was  demonstrated  that  encapsulation  of 
tetradecane  with  polymethyl  methacrylate  (PMMA)  and  polyethyl 
methacrylate  (PEMA)  resulted  in  better  heat  storage  capacity  as 
compared  to  polystyrene. 

Zeng  et  al.  [129]  reported  that  during  phase  change  process, 
Stefan  number  (Ste)  and  dimensionless  phase  change  temperature 
range  (Mr)  are  the  two  most  important  parameters  that  influence 
the  Nusselt  number  fluctuation.  It  was  observed  that  the  Nusselt 
number  fluctuation  increases  with  decrease  in  both  Ste  and 
Mr.  Wang  et  al.  [137]  proposed  a  new  correlation  for  predicting 
local  heat  transfer  coefficient  for  laminar  MPCS.  An  increase  in 
slurry  particle  fraction  resulted  in  the  improvement  in  local 
Nusselt  number.  The  local  heat  transfer  coefficient  for  MPCS 
was  higher  than  that  of  pure  water.  Chen  et  al.  [138]  reported 
that  using  MPCS,  the  improvement  in  effective  specific  heat  and 
heat  transfer  rate  were  28.1%  and  23.6%,  respectively.  As  com¬ 
pared  to  water,  the  saving  in  pumping  cost  was  about  67.5%  due 
to  increased  heat  transfer  rate.  Zhang  et  al.  [139]  investigated 
natural  convection  heat  transfer  characteristics  of  microencapsu¬ 
lated  PCM  in  a  rectangular  heat  storage  tank.  An  easier  initiation 
of  the  natural  convection  was  observed  at  higher  mass  concen¬ 
tration  of  the  slurry.  A  local  maximum  heat  transfer  coefficient 
was  observed  during  the  phase  change  process. 

Hu  and  Zhang  [140]  proposed  a  modified  form  of  conventional 
Nusselt  number  correlation  for  laminar  flow  MPCS  in  a  circular  tube 
with  constant  heat  flux.  It  was  demonstrated  that  Stefan  number  and 
volumetric  concentration  of  microcapsules  are  the  most  influencing 
parameters  on  the  heat  transfer  enhancement  of  MPCS.  Along  with 
these,  initial  supercooling,  phase  change  temperature  range  and 
microcapsule  diameter  also  found  to  have  considerable  effects  on 
the  heat  transfer  enhancement.  Sabbah  et  al.  [141]  showed  that  for  a 
micro-channel  heat  sink,  a  significantly  higher  heat  transfer  coeffi¬ 
cient  can  be  obtained  by  using  MPCS  instead  of  water  only.  The  low 
concentration  high  velocity  slurry  resulted  in  better  heat  transfer 
rates.  Zhang  et  al.  [142]  earned  out  experimental  studies  on  MPCS  in 
a  horizontal  rectangular  enclosure  heated  from  the  bottom.  It  was 
observed  that  an  increase  in  mass  concentration  of  the  slurry 
improved  the  heat  storage  capacity  and  the  completion  time  of  heat 
storage.  Rapid  heat  storage  and  high  heat  transfer  coefficient  were 
observed  only  in  the  beginning  of  the  heating  process.  This  is 
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attributed  to  a  substantially  higher  temperature  difference  between 
the  HTF  and  the  MPCS  in  the  beginning  of  the  heating  process. 


11.  Challenges  for  designing  an  encapsulated  PCM  based 
thermal  system 

The  major  challenges  that  may  arise  while  designing  the 
encapsulated  PCM  based  thermal  system  are  addressed  here  as 
given  below. 

•  One  of  the  major  obstacles  for  the  commercialization  of  an 
encapsulated  PCM  based  system  is  the  high  cost  of  encapsula¬ 
tion.  This  increases  the  overall  cost  of  the  system. 

•  The  correct  choice  of  PCM,  shell  material,  encapsulation  prepara¬ 
tion  method  and  its  size  varies  according  to  the  application. 

•  Precise  prediction  of  moving  solid-liquid  boundary  during  the 
phase  change  process  is  still  a  major  problem  to  be  resolved. 
The  rate  of  movement  of  this  boundary  is  not  known  a  priori. 

•  Another  important  parameter  to  consider  while  designing  the 
encapsulated  PCM  based  thermal  system  is  the  reduction  in 
PCM  effectiveness  over  the  number  of  thermal  cycles.  After 
attaining  a  certain  number  of  thermal  cycles,  the  thermophy¬ 
sical  properties  of  the  PCM  deteriorates  substantially  leading 
to  a  significant  reduction  in  structural  and  thermal  stability  of 
the  PCM.  This  results  in  a  decreased  system  performance. 

•  For  proper  functioning  of  a  PCM  based  TESS,  the  repetition  of 
charge  and  discharge  cycles  are  significantly  important.  The 
functioning  of  the  system  may  disrupt  in  case  the  discharged 
PCM  could  not  be  charged.  This  is  likely  to  occur  for  the  PCM 
based  TESS  working  on  natural  resources  such  as  solar  water 
heater,  solar  space  heater  etc. 

•  For  MPCS,  the  conventional  heat  transfer  correlations  cannot 
be  used  due  to  increased  pressure  drop  and  increased  viscosity 
of  the  slurry.  An  in-depth  knowledge  of  heat  transfer  enhance¬ 
ment  mechanism  is  essential  while  designing  the  MPCS  based 
thermal  system. 

•  Manufacture  of  microencapsulated  PCM  with  a  metallic  shell 
material  is  still  an  unresolved  problem. 

•  Other  considerable  challenges  are  phase  segregation  and 
supercooling  of  the  PCM.  The  inorganic  PCMs  are  observed  to 
be  more  prone  for  these  challenges.  Although  these  problems 
can  be  alleviated  by  addition  of  suitable  enhancement  materi¬ 
als,  the  impact  due  to  addition  of  these  materials  on  the  latent 
heat  storage  capacity  and  phase  change  temperature  of  the 
PCM  is  evident. 


12.  Conclusions 

This  paper  presents  a  thorough  survey  on  the  effect  of 
PCM  encapsulation  parameters  on  the  flow  and  heat  transfer 
characteristics  as  well  as  structural  and  thermal  stabilities  of  an 
encapsulated  PCM.  The  major  findings  of  this  survey  are  listed  as 
given  below. 

1.  The  core-to-coating  ratio  found  to  be  a  critical  parameter  that 
decides  the  mechanical  and  thermal  stability  of  the  encapsu¬ 
lated  PCM.  A  higher  core-to-coating  ratio  results  in  a  weak 
shell,  whereas,  lower  core-to-coating  ratio  reduces  the  amount 
of  PCM  contained,  hence,  decreases  the  heat  storage  and 
release  capacity. 

2.  Thermal  conductivity  of  shell  material  plays  an  important  role 
in  the  heat  exchange  between  the  PCM  and  the  HTF.  For  higher 
heat  transfer  rates,  a  metallic  shell  material  like  copper, 


aluminum  or  steel  can  be  a  good  choice.  The  metallic  shell 
materials  can  also  be  useful  for  high  temperature  PCM  appli¬ 
cations.  However,  their  microencapsulation  is  a  challenge. 

3.  For  organic  PCMs,  the  inorganic  shell  materials  can  be  a  good 
choice  due  to  their  excellent  thermal  conductivity,  high 
mechanical  strength  and  good  diffusion  barrier  characteristics. 
Silica  exhibits  the  above  mentioned  properties  and  has  a  great 
potential  to  become  a  good  shell  material. 

4.  Thermal  and  structural  stability  of  the  microcapsules  found  to 
be  substantially  improved  due  to  addition  of  silver  nano¬ 
particles.  The  mechanism  for  this  improvement  was  attributed 
to  the  increased  thermal  conductivity,  toughness  and  strength 
due  to  distribution  of  silver  nano-particles  on  the  shell  surface. 

5.  The  solidification  and  melting  processes  are  dominated  by 
conduction  and  natural  convection,  respectively.  A  high  ther¬ 
mal  conductivity,  smaller  capsule  diameter  and  lower  external 
surface  temperature  reduce  the  total  solidification  time  of  the 
encapsulated  PCM. 

6.  It  was  observed  that  the  Stefan  number,  volumetric  concen¬ 
tration  of  microcapsule,  phase  change  temperature  range  and 
capsule  diameter  have  significant  influence  on  the  heat  trans¬ 
fer  enhancement  of  MPCS.  Beyond  certain  limit,  the  increase  in 
volumetric  concentration  of  the  microcapsule  leads  to  a  sub¬ 
stantial  increase  in  pressure  drop  and  viscosity  and  decrease  in 
convective  heat  transfer  rate. 

Long-term  durability  while  being  pumped  and  being  con¬ 
stantly  cooled  and  heated  needs  to  be  experimentally  shown  for 

MPCS  before  a  broad  industrial  adoption. 
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